A fundamental understanding of the origin of magnetism in transition metals as well as in transition metal oxides and molecular magnets is important not only from the scientific point of view but also because of the role magnetism plays in technological applications. [1] [2] [3] [4] It is well understood that in transition metals ferromagnetic coupling is mediated by itinerant electrons. 5, 6 However, in transition metal oxides (TMOs) and in single-molecule magnets, electrons are localized and magnetism is often governed by the superexchange 7 mechanism that leads to antiferromagnetic coupling. However, metal atoms carrying magnetic moments in a single molecule can couple ferromagnetically through the double exchange mechanism if delocalized electrons are available. Such systems are difficult to find, and double exchange 8 interaction comes into play if and only if one of the transition metal ions has an extra electron compared to the other. Thus, the only way ferromagnetic double exchange interaction can be realized in molecular magnets is by charge transfer and/or charge disproportionation between two transition metal atoms. [9] [10] [11] Recent discoveries of ferromagnetic ordering in mixed-valence imidazolate-bridged di-vanadium 12 ). To examine the extent this simple picture will hold, we have performed density functional calculations for Co 2 Cl n (n ¼ 6-8) clusters.
The calculations were carried out using plane-wave pseudopotential and the supercell approach. The cluster was placed in a large cubic box of sides of 20 Å in order to reduce its interaction with its images. The exchange-correlation effects were treated within the generalized gradient approximation (GGA) using the PW91 functional 17 and projector augmented wave (PAW) basis set implemented in VASP code. [18] [19] [20] An energy cutoff of 400 eV was used. Brillouin zone integrations were carried out using only the Gamma point. Structures were relaxed using the conjugate gradient method for different spin multiplicities and without any symmetry constraints.
We started our calculations with Co 2 Cl 6 cluster where Co is expected to be in þ3 oxidation state and gradually increased the number of Cl atoms. The ground state geometries of Co 2 Cl 6 cluster corresponding to ferromagnetic (FM) and antiferromagnetic (AFM) states are shown in Fig. 1 magnetic moment of 4 l B per Co atom is consistent with the Co atom being in the þ3 state which should result in the AFM ground state because of the super-exchange mechanism. However, if there is charge disproportionation, i.e., one Co atom would be in Co 2þ state while the other in the Co 4þ state, the delocalization of electrons will lead to a ferromagnetic state through the double exchange mechanism. Thus, the ultimate magnetic ordering depends upon a competition between super-exchange and double exchange mechanisms. Our computed spin magnetic moments at each of the Co atom in the FM state are 2.65 l B . This is smaller than expected magnetic moment of 4 l B and is due to significant hybridization between the Cl p and Co d orbitals in the both the spin channels. This will be discussed in the following in more detail. In the AFM state the spin magnetic moments are 2.62 l B and À2.62 l B at the Co atoms. The Co-Co bond length in the FM ground state is 3.28 Å while it is 3.24 Å in the AFM state.
In Fig. 2 we plot the one electron energy levels of Co 2 Cl 6 cluster. The þ3 valence state of each Co atom will result a 3d 6 atomic configuration. Ideally, one would expect 18 Cl p and 10 Co d orbitals in the up spin channel and 18 Cl p and 2 Co d orbitals in the down spin channel. An analysis of the character of the molecular orbitals (MOs) shows the presence of prominent pd hybridization in both the channels. The occupied level in spin up channel which come from d orbital of Co atoms are shown in red (light) color. There are only two occupied d levels in the down spin channel without any mixing, and these are found at the top of the occupied levels. At the same time these top two occupied d levels in spin down channels are separated by 0.50 eV. This indicates that the d electron in the HOMO level is more itinerant than the d electron present below it and can hop from one Co atom to other. This is the primary reason behind the charge disproportion and justifies the electron delocalization between Co atoms in the Co 2 Cl 6 cluster. The electron delocalization and charge disproportionation lead to the ferromagnetic ground state as one expects from the double exchange model. In Fig. 3 we have shown a schematic diagram of our model. One of the Co atoms is in þ3 state while other one is in þ4 state, barring the itinerant electron. The itinerant electron can hop from one Co atom to other if the spin of the Co atoms are aligned parallel to each other. This accounts for the ferromagnetic ground state of Co 2 Cl 6 cluster.
The FM ground-state and the higher energy isomer with AFM state of Co 2 Cl 7 are also given in Fig. 1 . The AFM state is 0.20 eV higher in energy than the FM ground state. In both the FM and AFM geometries, each of the Co atoms are attached to three different Cl atoms and the 7th Cl atom bridges the two Co atoms. The Co atoms prefer FM coupling. The total spin magnetic moment of Co 2 Cl 7 is 9 l B while it is 8 l B in the Co 2 Cl 6 cluster. In Co 2 Cl 7 cluster the HOMO and LUMO levels have mainly d character. There is no other occupied level in the down spin channel which has significant d character. The electron in the HOMO level mediates the ferromagnetic interaction between the Co atoms as we have explained in the case of Co 2 Cl 6 cluster. It is important to note here that the energy difference between the ferromagnetic and antiferromagntic states in Co 2 Cl 7 is three times larger than that in Co 2 Cl 6 cluster.
What would happen if we add another Cl atom to the Co 2 Cl 7 cluster? In this case if each of the Co atoms would exist in þ4 oxidation state, the resulting electronic state for each Co atom will be 3d
5
. The half filed 3d electrons are localized and chemically more inert. Hence Co 2 Cl 8 is expected to have an AFM ground state due to unavailability of any itinerant electrons. However, the ground state of Co 2 Cl 8 cluster, in Fig. 1 , is found to be an adduct, namely, Co 2 Cl 6 *Cl 2 . Consequently, the preferred oxidation state of Co in Co 2 Cl 8 is þ3. This results in a ferromagnetic ground state and has similar electronic properties as that discussed for Co 2 Cl 6 cluster.
If Co atom were to exist in þ4 oxidation state in Co 2 Cl 8 , one would expect that all the Cl atoms bind chemically to the Co atoms. In that case one would also expect, as stated in the above, the ground state of Co 2 Cl 8 to be antiferromagnetic. To examine this possibility, we searched for a higher energy isomer of Co 2 Cl 8 where all the Cl molecules have dissociated and bound to Co in atomic form. These geometries are also given in Fig. 1 along with their respective energy difference from the ground state geometry. As expected, the AFM isomer is 0.02 eV lower in energy than the FM isomer. This energy difference is only due to the antiferromagnetic interaction and is in fact very small due to the large distance between the Co atoms. But our prediction about the AFM ground state in the absence of any itinerant electron in fact holds.
In summary, calculations on Co 2 Cl n (n ¼ 6-8) model clusters based on density functional theory show that the magnetic coupling in single molecule magnets can be controlled by choosing the appropriate ligands and by manipulating the way they are bound to the metal atom. We demonstrate the role charge transfer and charge disproportionation can play in promoting ferromagnetism in molecular magnets and how this can be achieved by attaching the right number of ligands to the transition metal atoms. These types of molecular magnets with different number of ligand atoms attached to the transition metals opens the door to design and synthesize single molecule magnets by taking advantage of the competition between the superexchange and double exchange interactions in the model systems.
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